IR photodissociation ͑IRPD͒ spectra of ͑N 2 O͒ 2 + • Ar and ͑N 2 O͒ n + with n =3-8 are measured in the 1000-2300 cm −1 region. The ͑N 2 O͒ 2 + • Ar ion shows an IRPD band at 1154 cm −1 , which can be assigned to the out-of-phase combination of the 1 vibrations of the N 2 O components in the N 4 O 2 + ion; the positive charge is delocalized over the two N 2 O molecules. The geometry optimization and the vibrational analysis at the B3LYP/ 6-311+ G ‫ء‬ level show that the N 4 O 2 + ion has a C 2h structure with the oxygen ends of the N 2 O components bonded to each other. The IRPD spectra of the ͑N 2 O͒ n + ͑n =3-8͒ ions show three prominent bands at ϳ1170, ϳ1275, and ϳ2235 cm −1 . The intensity of the ϳ1170 cm −1 band relative to that of the other bands decreases with increasing the cluster size. Therefore, the ϳ1170 cm −1 band is ascribed to the N 4 O 2 + dimer ion core and the ϳ1275 and ϳ2235 cm −1 bands are assigned to the 1 and 3 vibrations of solvent N 2 O molecules, respectively. Since the band of the N 4 O 2 + ion core is located at almost the same position for all the ͑N 2 O͒ n + ͑n =2-8͒ clusters, the C 2h structure of the dimer ion core does not change so largely by the solvation of N 2 O molecules, which is quite contrastive to the isoelectronic ͑CO 2 ͒ n + case.
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I. INTRODUCTION
Ion-molecule complexes play significant roles as reaction intermediates in a number of chemical reactions. For example, the formation of chemical bonds between unsaturated groups such as C = C and C = O with ions is thought to be primary processes of chemical reactions catalyzed by acid and base. [1] [2] [3] Because of the importance of ion-molecule complexes in chemical reactions, gas-phase cluster ions have been extensively investigated experimentally and theoretically. 4, 5 One of the fundamental issues related to chemical reactions is the identification of the formation of intermolecular covalent bonds in cluster ions. If a covalent bond is formed between an ion and a molecule by the resonance interaction, the charge is delocalized over the complex.
The target systems in this study are the N 2 O cluster ions, ͑N 2 O͒ n + . This study is an extension of our IR photodissociation ͑IRPD͒ studies of ͑CS 2 ͒ n + and ͑CO 2 ͒ n + . 6, 7 In these clusters, the intermolecular charge resonance ͑CR͒ interaction occurs between two component molecules and provides a symmetrical dimer ion core with an intermolecular covalent bond called "two-center-three-electron bond." In the case of ͑N 2 O͒ n + , the binding energy of the ͑N 2 O͒ 2 + ion was estimated as 13 34 were 17.4, 5.7, 5.6, 4.4, and 4.1 kcal/mol for n =2-6; they concluded that the ͑N 2 O͒ n + cluster ions have an ͑N 2 O͒ 2 + dimer ion core with N 2 O molecules attached to the ion core. Bowers and co-workers 35 studied dissociation dynamics and energy disposal in the photoexcitation of the ͑N 2 O͒ 2 + ion in the visible region. They suggested that the photodissociation of the ͑N 2 O͒ 2 + ion in the visible region occurs by a direct transition to a repulsive potential surface; this surface will be created by the CR interaction between the N 2 O components in the ͑N 2 O͒ 2 + ion. A theoretical study done by McKee 32 showed two types of isomers for the ͑N 2 O͒ 2 + ion; one is a C 2h structure in which the N 2 O molecules are bonded at the oxygen ends and the other one is a distorted T-shaped structure. The vibrational structure of the N 2 O + monomer ion in the electronic ground state was revealed with spectroscopic studies such as Fourier transform emission spectroscopy in the gas phase 36 and IR spectroscopy in solid Ne. 37 However, no spectroscopic study was reported for the ͑N 2 O͒ n + clusters. Nizkorodov and Bieske 38 reported energy disposal in the photodissociation of the ͑N 2 O͒ 2 + and ͑N 2 O͒ 3 + ions in the visible region. In the present study, we investigate the structure of the ͑N 2 O͒ n + ionic clusters ͑n =2-8͒ with IRPD spectroscopy. The IRPD spectra are measured in the 1000-2300 cm −1 region and provide IR bands of the symmetric and antisymmetric stretching vibrations ͑ 1 and 3 ͒ characteristic of an ion core and solvent molecules. In order to obtain the IR spectrum of the ͑N 2 O͒ 2 + ion, the Ar tagging method is utilized; a͒ the IRPD spectrum of the ͑N 2 O͒ 2 + • Ar ion is measured while monitoring the Ar loss channel. 39 Since the ionization potential of Ar ͑15.759 eV͒ is substantially higher than that of N 2 O ͑12.89 eV͒, the attachment of an Ar atom is expected not to change so much the positive charge distribution for the ͑N 2 O͒ 2 + ion. 40, 41 In order to assign the IRPD spectra, we carry out the geometry optimization and the vibrational analysis of several species at the B3LYP/ 6-311+ G ‫ء‬ level of theory. Comparing the IRPD spectra with calculated ones, we discuss the ion core form existing in the ͑N 2 O͒ n + clusters.
II. EXPERIMENTAL AND COMPUTATIONAL
The details of our experiment have been given in our previous report. 6 For IRPD spectroscopy of the ͑N 2 O͒ n + ͑n =3-8͒ ions, pure N 2 O gas is injected into a source chamber through a pulsed nozzle ͑General Valve Series 9͒ with a stagnation pressure of 0.2 MPa. In the case of the ͑N 2 O͒ 2 + •Ar ion, a gas mixture of N 2 O͑ϳ1%͒ and Ar is used with a pressure of 0.8 MPa. The pulsed free jet crosses an electron beam at the exit of the nozzle with an electron kinetic energy of 350 eV, producing ͑N 2 O͒ n + and ͑N 2 O͒ n + • Ar. Cluster ions produced are accelerated into a flight tube by applying pulsed electric potential ͑ϳ1.3 kV͒ to Wiley-McLaren type acceleration grids. In the flight tube, only target parent ions can go through a mass gate. After passing through the gate, mass-selected parent ions are merged with an output of a pulsed IR laser. Resultant fragment ions are mass analyzed by a home-made reflectron mass spectrometer and detected by a multichannel plate ͑MCP͒ ͑Burle 31373͒. An output from the MCP is amplified by a commercial amplifier ͑Stan-ford Research Systems SR445A͒ and fed into a digital storage oscilloscope ͑LeCroy 9310A͒. A signal averaged by the oscilloscope is transferred to a computer through the general purpose interface bus ͑GPIB͒ interface. Yields of fragment ions are normalized by the intensity of parent ions and the photodissociation laser. IRPD spectra of parent ions are obtained by plotting normalized yields of fragment ions against the wavenumber of the IR laser. The fragmentation channel detected for the IRPD spectra of the ͑N 2 O͒ n + ions and the ͑N 2 O͒ 2 + • Ar ion is the loss of one N 2 O molecule and the Ar atom, respectively.
The tunable IR light used in this study is obtained by difference frequency generation ͑DFG͒ between a signal and an idler output of an optical parametric oscillator ͑OPO͒ ͑La-serVision͒. The OPO laser is pumped by a fundamental output of a Nd:YAG ͑neodymium-doped yttrium aluminum garnet͒ laser ͑Spectra Physics GCR250͒. A AgGaSe 2 crystal is used for DFG and only the DFG output is introduced to the vacuum chamber after the signal and idler outputs are removed with a ZnSe filter. The power of the IR laser is measured with a laser detector ͑Ophir 12A-P͒. The output energy is 0.2-1 mJ/pulse in the 1100-2300 cm −1 region. In order to analyze IRPD spectra, we also carry out density functional theory ͑DFT͒ calculations with the GAUSS-IAN03 program package. 42 The geometry optimization and the vibrational analysis of N 2 O, N 2 O + , ͑N 2 O͒ 2 + , and ͑N 2 O͒ 3 + are done at the B3LYP/ 6-311+ G ‫ء‬ level of theory. For comparison of the IRPD spectra with calculated ones, a scaling factor of 0.9588 is employed to vibrational frequencies calculated. This factor is determined so as to reproduce the frequency of the symmetric stretching ͑ 1 ͒ and the antisymmetric stretching ͑ 3 ͒ vibrations of neutral N 2 O monomer.
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III. RESULTS AND DISCUSSION
A. IRPD spectra
Figures 1͑a͒ and 1͑b͒ show the IRPD spectra of ͑N 2 O͒ n + in the 1 and 3 regions, respectively. For the n = 2 ion, the IRPD spectrum of the ͑N 2 O͒ 2 + • Ar ion is shown in Fig. 1 . The ͑N 2 O͒ 2 + ion is not photodissociated in this frequency region, suggesting that the ͑N 2 O͒ 2 + ion has an intermolecular binding energy substantially larger than those of higher clusters. In the spectrum of ͑N 2 O͒ 2 + • Ar, only one band is observed at 1154 cm −1 and no strong band is found in the 3 region. For the ͑N 2 O͒ 3 + ion, three strong bands can be seen at 1160, 1270, and 2236 cm −1 . In addition, very weak bands are seen at around 2100 cm −1 . The IRPD spectra of the clusters larger than n = 3 also show three bands at ϳ1170, ϳ1275, and ϳ2235 cm −1 . The intensity of the 1275 cm Therefore, the ϳ1275 and ϳ2235 cm −1 bands of the n =3-8 ions can be assigned to the 1 and 3 vibrations of solvent N 2 O molecules, respectively. The bands at around 1170 cm −1 of the n =2-8 ions are ascribed to an ion core in the clusters. The position of the ion core band is almost the same for all the ͑N 2 O͒ n + ͑n =2-8͒ clusters, indicating that these clusters have a common ion core species. In the IRPD spectrum of the ͑N 2 O͒ 2 + • Ar ion, no band assignable to a solvent N 2 O molecule is observed at around 1275 cm −1 . Therefore, the ϳ1170 cm −1 bands of the ͑N 2 O͒ n + ions can be attributed to the 1 vibration of the N 4 O 2 + ion core, in which the positive charge is delocalized over the two N 2 O molecules. As can be seen in Fig. 1͑a͒, The IRPD results suggest that the ͑N 2 O͒ n + ͑n =2-8͒ cluster ions have an N 4 O 2 + ion core. In order to determine the structure of the ion core, we carried out the geometry optimization and the vibrational analysis of the ͑N 2 O͒ 2 + ion at the B3LYP/ 6-311+ G ‫ء‬ level of theory. Figure 2 shows the optimized structure of the ͑N 2 O͒ 2 + ion. In all the three stable isomers ͑2A-2C͒, the positive charge is delocalized over the two constituent molecules, described as N 4 O 2 + . The relative energy, binding energy, vibrational frequency, IR intensity, and vibrational mode of the N 4 O 2 + isomers are collected in Table I . Isomer 2A is the most stable structure, in which two N 2 O components are connected at the oxygen ends. The second most stable isomer is 2B; the intermolecular bond is formed between the oxygen and the nitrogen ends. In isomer 2C, the nitrogen ends are bonded to each other. Isomers 2A and 2C have C 2h symmetry and isomer 2B has a planar C s structure. As shown in Fig. 2 , the more stable the N 4 O 2 + isomer, the shorter the intermolecular bond. In Fig. 3 + ion core. This tendency for the relative intensity of the 1 and 3 bands also agrees with that of 2A; the 1 band is stronger than the 3 one for 2A, whereas the former band is weaker than the latter for 2B and 2C. Though the attachment of the Ar atom to isomer 2A may lower the overall symmetry of the In Fig. 4 , the IRPD spectrum of the ͑N 2 O͒ 3 + ion is displayed with the IR spectra calculated for neutral N 2 O monomer, isomer 2A, and the most stable isomer of the ͑N 2 O͒ 3 + ion ͑isomer 3A͒. The solid curves in Figs. 4͑c͒-4͑e͒ are the IR spectra reproduced by providing Lorentzian components with a full width at half maximum of 20 cm −1 for the calculated IR bands. Figure 4͑b͒ represents the sum of the reproduction curves of neutral N 2 O monomer ͓Fig. 4͑c͔͒ and isomer 2A ͓Fig. 4͑d͔͒. The structure of isomer 3A is also shown in Fig. 4͑e͒ ; it has a planar C s structure and the positive charge is delocalized over the three N 2 O components. The IRPD spectrum of the ͑N 2 O͒ 3 + ion has three strong bands at 1160, 1270, and 2236 cm −1 with very weak maxima at ϳ2095 and ϳ2060 cm −1 . The calculated IR spectrum of neutral N 2 O shows the 3 band at 2247 cm −1 , which is substantially stronger than the 1 band at 1272 cm −1 and the 1178 and 2087 cm −1 bands of isomer 2A. The position and the relative intensity of the IRPD bands of ͑N 2 O͒ 3 + ͓Fig. 4͑a͔͒ agree well with those of the sum spectrum in Fig. 4͑b͒ .
In addition, the spectral feature of isomer 3A ͓Fig. 4͑e͔͒ does not correspond with that of the IRPD spectrum of the ͑N 2 O͒ 3 + ion ͓Fig. 4͑a͔͒. Therefore, it is concluded that the + ͑isomer 3A͒ at the B3LYP/ 6-311+ G ‫ء‬ level of theory. Numbers in Fig. 4͑c͒ show the vibrational frequency in cm −1 unit. The IR intensity of the vibrations in km/mol unit is displayed in parentheses in Fig. 4͑c͒ . The solid curves are the IR spectra reproduced by using Lorentzian components with a full width at half maximum of 20 cm −1 . The structure of isomer 3A is shown in Fig. 4͑e͒ ; numbers in parentheses are the charge distribution in each of the component molecules.
core tightly, resulting in the large band shift for up to n =4. Since the third to sixth solvent N 2 O molecules are weakly bound to the dimer ion core, the band position does not change so much for n =4-8. This trend of the band position agrees with the results of the thermochemical measurements of the ͑N 2 O͒ n + ions done by Hiraoka et al.; 34 the binding energy of the ͑N 2 O͒ n + ions shows irregular decrease between n = 4 and 5 ions.
Here it is of interest to compare the structure of the ͑N 2 O͒ n + cluster ions with that of isoelectronic ͑CO 2 ͒ n + cluster ions. As mentioned above, the N 4 O 2 + ion core keeps the C 2h form against the solvation of N 2 O molecules. In contrast, the ͑CO 2 ͒ n + ions show alternate change in the IR absorption for the C 2 O 4 + ion core as a function of the cluster size. This spectral change is ascribed to the structural deformation of the C 2 O 4 + ion core part. 7 The ͑CO 2 ͒ 3 + and ͑CO 2 ͒ 5 + ions show two IRPD bands of the C 2 O 4 + ion core in the antisymmetric CO stretching region, indicating that the C 2 O 4 + ion core has a symmetry lower than C 2h . In the case of the ͑CO 2 ͒ 4 + and ͑CO 2 ͒ n + ͑n =6-8͒ ions, there is only one IRPD band; the ion core regains a C 2h form.
One possible origin for the difference in the structural change is that the rigidity of the C 2h form is different between N 4 In the calculations of the PESs, we also perform the vibrational analysis for each of the optimized structures; it may probably be helpful to examine the IR spectral feature with the change in the intermolecular coordinates of the clusters, so far as high-frequency, intramolecular vibrations are concerned. The IR intensity of the in-phase combination relative to that of the out-of-phase one for the 1 2 O͒ n−2 system. As a result, the deformation of the ion core may probably occur only for the ͑CO 2 ͒ n + clusters. A theoretical examination of the intermolecular interaction in ͑N 2 O͒ n + and ͑CO 2 ͒ n + is required for the determination of the cluster structure. 
IV. SUMMARY
The IRPD spectra of ͑N 2 O͒ 2 + • Ar and ͑N 2 O͒ n + with n =3-8 were measured in the 1000-2300 cm −1 region. The IRPD bands at ϳ1170 cm −1 for the n =2-8 clusters are assigned to the N 4 O 2 + ion core. The IRPD spectra of the ͑N 2 O͒ n + ͑n =3-8͒ ions show the bands at ϳ1275 and ϳ2235 cm −1 in addition to the N 4 O 2 + band. These bands are attributed to the 1 and 3 vibrations of solvent N 2 O molecules. The geometry optimization and the vibrational analysis at the B3LYP/ 6-311+ G ‫ء‬ level show that the N 4 O 2 + ion has a C 2h structure with the oxygen ends of the N 2 O components bonded to each other. Since the band position of the N 4 O 2 + ion core is similar for all the ͑N 2 O͒ n + ͑n =2-8͒ ions, the C 2h structure of the dimer ion core does not change much through solvation by N 2 O molecules. These ͑N 2 O͒ n + results are quite contrastive to that of the isoelectronic ͑CO 2 ͒ n + clusters. We propose that the charge transfer from the dimer ion core to solvent molecules can cause the noticeable structural change for the C 2 O 4 + ion core in the ͑CO 2 ͒ n + clusters.
